Three-state conical intersections have been located and characterized for cytosine and its analog 5-methyl-2-pyrimidinone using multireference configuration-interaction ab initio methods. The potential energy surfaces for each base contain three different three-state intersections: two different S 0 -S 1 -S 2 intersections ͑gs/ * / n N * and gs/ * / n O * ͒ and an S 1 -S 2 -S 3 intersection ͑ * / n N * / n O * ͒. Two-state seam paths from these intersections are shown to be connected to previously reported two-state conical intersections. Nonadiabatic coupling terms have been calculated, and the effects of the proximal third state on these quantities are detailed. In particular, it is shown that when one of these loops incorporates more than one seam point, there is a profound and predictable effect on the phase of the nonadiabatic coupling terms, and as such provides a diagnostic for the presence and location of additional seams. In addition, it is shown that each of the three three-state conical intersections located on cytosine and 5-methyl-2-pyrimidinone is qualitatively similar between the two bases in terms of energies and character, implying that, like with the stationary points and two-state conical intersections previously reported for these two bases, there is an underlying pattern of energy surfaces for 2-pyrimidinone bases, in general, and this pattern also includes three-state conical intersections.
I. INTRODUCTION
While the central role that two-state conical intersections 1,2 ͑ci's͒ play in the radiationless decay of the DNA/RNA bases 3 has been established theoretically for several years now, by a variety of computational methods, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] reports of the location of three-state ci's for these systems, 22, 23 and their possible impact on the decay mechanisms of excited nucleobases, are relatively limited. Threestate intersections are points where three potential energy surfaces ͑PESs͒ become degenerate, creating high nonadiabatic coupling, and thus facilitating radiationless transitions between the states. Unlike two-state seams, which span N − 2 dimensions, where N is the number of internal degrees of freedom, three-state seams span N − 5 dimensions, with the remaining five degrees of freedom lifting degeneracy linearly from the three-state ci. 24 Although symmetry-required threestate degeneracies are common, the location of accidental three-state intersections is considerably more challenging. They were first located in CH 4 + by Katriel and Davidson. 24 Only recently have search algorithms been developed using analytical gradient techniques, 25 and such intersections have been theoretically located and studied in several radical systems, such as ethyl, 25 allyl, 26 and pyrazolyl, [27] [28] [29] [30] and in neutral molecules, such as malonaldehyde, where a three-state ci has been implicated in its intramolecular proton transfer. 31 Three-state intersections have been found previously in nucleobases. We have presented theoretical evidence for such an intersection in uracil between the first three singlet states, and for two different three-state intersections in adenine, one between the ground state and the first two excited singlet states, and the other between the first three excited singlet states. 23 Blancafort and Robb 22 have reported a neardegenerate point in cytosine between the first three singlet states, optimized at the complete active space self-consistent field ͑CASSCF͒ level. Previously, we studied the photophysical behavior of cytosine and the fluorescent cytosine analog 5-methyl-2-pyrimidinone ͑5M2P͒, and the involvement of two-state ci's. 18, 32 5M2P has the same ring structure as cytosine, but differs from cytosine in that it has no amino group, and instead has a methyl group at the C 5 position. Included was an analysis of the nonadiabatic coupling between the S 1 * state and the S 0 ground state in regions close to two located S 0 -S 1 ci's that were shown theoretically to be viable radiationless decay channels for excited cytosine. This coupling is directly related to the probability of nonadiabatic transitions occurring, and so it has a strong influence on the excited state dynamics of the system. The existence of many twostate ci's leads us to explore the possibility of three-state ci's. In this report, three different three-state ci's for cytosine are located using multireference configuration-interaction ͑MRCI͒ ab initio methods: two different S 0 -S 1 -S 2 intersections and an S 1 -S 2 -S 3 intersection. We will show how these intersections are connected to each other and previously reported two-state ci's, 18 and we will present results of analysis of the nonadiabatic coupling in the vicinity of one of these three-state intersections, as this information could be important to researchers studying the excited state dynamics of cytosine. The results of similar studies of three-state ci's in 5M2P will also be included in this report. We previously reported that 5M2P displays excited state stationary points a͒ Author to whom correspondence should be addressed. Electronic mail: smatsika@temple.edu.
and two-state ci's very similar to those found in cytosine, both in character and general distortion of the 2-pyrimidinone ring system. 18, 32 Such is also the case with the three-state ci's, and indeed 5M2P will be shown in this report to contain three different ones, all of which are similar in character and distortion to the three located in cytosine. This work, in agreement with our previous work, shows that ci's are a consequence of the ring system and its distortions. In addition, the location of three different intersections in these two bases certainly underscores their importance and frequency in these biologically important chromophore systems.
The methods used in this study will be presented in Sec. II, including the theoretical treatments and software used. Results on cytosine and 5M2P will be presented in Sec. III, and we will conclude in Sec. IV.
II. METHODS
The methods used here are similar to our previous work on cytosine and 5M2P. 18, 32 The basis sets for all atoms were the double-plus polarization ͑cc-pvdz͒ Gaussian basis sets of Dunning. 33 Cytosine ͑5M2P͒ has 58 electrons in total, with eight heavy atoms ͑N, O, and C͒, and five ͑six͒ hydrogens. All calculations were carried out with no symmetry restrictions. Molecular orbitals were obtained from a stateaveraged multiconfiguration self-consistent field ͑SA-MCSCF͒ procedure for the first five singlet states, unless otherwise specified. The five lowest singlet states arise from excitations of , n N , and n O electrons to * orbitals, and so the complete active set of orbitals ͑CAS͒ was chosen to be 7 , 1 n N , and 1 n O , the last two corresponding to nitrogen and oxygen lone pairs ͑LPs͒, respectively. This CAS contains 12 electrons in 9 orbitals, and is denoted as ͑12, 9͒. The CASSCF calculation generated 2520 reference configurations from this active space, which were used for all subsequent MRCI calculations presented here.
Three different MRCI expansions were used in this study, similarly to previous publications. 18, 32 MRCI1 included only single excitation configuration state functions ͑CSFs͒ generated from the CAS orbitals, with the core 1s, orbitals, and one oxygen LP remaining always frozen. This low-level expansion contained about 650 000 CSFs, and was used for ci searches, 34, 35 minimum energy paths, and the calculation of nonadiabatic couplings. The next expansion, labeled MRCI1, incorporated dynamical correlation of the electrons with the and nonbond electrons. Dynamical correlation of and active electrons has been shown to be important in describing the excited states of organic -systems, [36] [37] [38] [39] [40] including aromatic heteroatom systems, such as the nucleobases. 6, 7, 23, [41] [42] [43] For the MRCI1 expansion, only single excitation CSFs were included in the expansion, generating approximately 10ϫ 10 6 CSFs. 1s core orbitals were maintained as frozen. This expansion was used to refine the geometries of some of the MRCI1 ci's. The third expansion used, labeled MRCI2, includes single excitations from the electrons and one oxygen LP, plus single and double excitations from the CAS orbitals into the virtual orbitals. Double excitations dramatically increase the number of configurations in the expansion, with MRCI2 for the two bases in this study having over 121ϫ 10 6 CSFs. Due to its computational expense, MRCI2 was only used for single point calculations of three-state ci's.
The software used for all calculations was a modified version of the COLUMBUS quantum chemistry program suite, which includes algorithms for locating two-and three-state ci's. 25, 34, 35, [44] [45] [46] The algorithms use analytic gradients for MRCI wave functions available in COLUMBUS. 47 Molecular visualization and graphical rendering were done with MOLDEN ͑Ref. 48͒ and ORIGIN. 49 
III. RESULTS AND DISCUSSION
In this discussion, geometries are denoted by R. The equilibrium geometry for the singlet state S I is denoted as R e ͑S I ͒. Minimum energy points of two-state ci seams between states S I and S J are denoted as R x ͑ciIJ͒. Minimum energy points of three-state ci seams between states S I , S J , and S K are denoted as R x ͑ciIJK͒. Ground state is abbreviated as gs, and corresponds to the closed-shell state. It should be noted that depending on the situation described, the closedshell state may or may not be the lowest energy state, but will still be referred to as gs.
A. Cytosine
The tautomer used for cytosine is the ketoform free base ͑Fig. 1͒. Due to its large dipole, the ketoform tautomer is likely to be the most stable in aqueous and physiological environments.
14 Previously we reported 18 the excited singlet state energies at vertical excitation at the MRCI level ͑Table I͒. S 1 is * at 5.14 eV, S 2 is n N * at 5.29 eV, and S 3 is n O * at 5.93 eV ͑MRCI2͒. Three two-state ci's were found between the S 1 surface and the S 0 surface, with two of them being energetically accessible by the excited state population generated at vertical excitation, therefore constituting viable nonadiabatic decay channels to the ground state. One ci, labeled R x ͑ci01͒ twist , displayed a dihedral twist about the C 5 -C 6 bond, and the other, labeled R x ͑ci01͒ sofa , had a sofa conformation in the ring where N 3 is out of plane and the remaining five ring atoms close to coplanar. In addition, two-state ci12 intersections between the * surface and either the n N * surface or the n O * surface were located. A ci23 intersection between the n N * and n O * surfaces was also located. These ci's were thought to facilitate transitions of dark S 2 and S 3 n * populations from vertical excitation onto the n * surface. The relative similarities in geometries and closeness in energies of many of these intersections and S 1 stationary points we reported suggest that three-state ci's may be present and close by. We report in this paper the location of two different S 0 -S 1 -S 2 intersections and a S 1 -S 2 -S 3 intersection, detailed in the next section.
Energies and geometries for the three-state conical intersections
a. R x1 ͑ci012͒ : gs/ n N * / *. 18 which has previously been theoretically shown to be directly involved in the radiationless decay mechanism of excited cytosine to the ground state. Optimization on the three-state seam at the MRCI1 level reached a minimum on the seam at 5.40 eV, which at this level of theory is about 0.3 eV higher than S 1 at vertical excitation ͑Table I͒. This three-state ci is labeled R x ͑ci012͒, and its structure is shown in Fig. 2͑a͒ . The ring is distorted considerably from its ground state planar geometry, with a 50°b utterfly fold along the N 3 -C 6 axis through the base. Like the two-state ci R x ͑ci01͒ twist , there is considerable twisting about the C 5 -C 6 bond, with the H 5 -C 5 -C 6 -H 6 dihedral angle at about 100°. This weakening of the C 5 -C 6 bond is reflected in its length, which is about 0.14 Å longer than in the ground state. C 4 -N 3 is also stretched by about 0.1 Å. 2͑b͒. This energy is about 0.13 eV above S 1 at vertical excitation at this level of dynamical correlation, which may be close enough to have an impact on the dynamics of the excited state population after absorption of ultraviolet light. In Sec. III A 2, we will show that the S 0 -S 1 seam from R x1 ͑ci012͒ leads back to the R x ͑ci01͒ twist gs/ * ci, and that the S 1 -S 2 seam from R x1 ͑ci012͒ is connected to a previ-
b. R x2 ͑ci012͒: gs/ n O * / *. Another S 0 -S 1 -S 2 ci was located in cytosine, between the closed-shell, n O * , and * PESs, labeled R x2 ͑ci012͒. Energies are listed in Table I bond and angle data are listed in Table II , and its structure is shown in Fig. 2 . At the MRCI1 level, the energy of the minimum point on the seam is 5.14 eV, which is only 0.04 eV above S 1 , at vertical excitation. The MRCI1 geometry is largely planar, but rather distorted compared to the ground state, with the bonds the C 6 -H 6 bond out of plane by about 50°. Optimizing this geometry at the MRCI1 level dramatically increased the energy of the lowest point found on the three-state seam at this level to 6.58 eV, and the geometry is more distorted compared to the MRCI1 geometry for this intersection ͓Fig. 2͑a͔͒. The largest differences are the N 1 -C 6 and carbonyl bonds, which stretch by another 0.07 and 0.09 Å, respectively. Also, the ring has a butterfly fold of about 30°along the N 3 -C 6 axis. Further addition of dynamical correlation by calculating the energies of the MRCI1 geometry of R x2 ͑ci012͒ at the MRCI2 level increased the energies another 0.5 eV more, to 7.06 eV ͓Fig. 2͑b͔͒. The high energy of this ci compared to vertical excitation energies implies that R x2 ͑ci012͒ does not play a major role in the radiationless decay mechanism of cytosine. The increase in degenerate energies of about 1.5 eV by adding dynamical correlation was surprising to us, but a closer look at the PESs involved provides a better understanding of this behavior. The closedshell surface is very steep at this ci, and its energy is strongly affected by increased correlation. As a result, locating the three-state degeneracy at the higher levels of theory can give a very different energy than at the MRCI1 level. The dramatic increase in energy with added dynamical correlation for this ci is not without precedent. Blancafort and Robb 22 located a near-degeneracy point between the ground state, * , and n O * surfaces with a geometry extremely similar to the MRCI1 geometry of R x2 ͑ci012͒ using CASSCF. In their study, this point also increased its energies by about 2.5 eV when more correlated energies were calculated using CAS-PT2, although their geometry was not optimized on the three-state seam at the CAS-PT2 level.
c. R x ͑ci123͒: n N * / n O * / *. A three-state seam has also been found between the excited states S 1 , S 2 , and S 3 . The minimum point on the S 1 -S 2 -S 3 n N * / n O * / * seam is presented here, labeled R x ͑ci123͒, with MRCI energies listed in Table I , and bond and angle data listed in Table II . Its structure is shown in Fig. 2͑a͒ . The geometry is largely planar, with pyramidalization at N 1 and C 4 , putting the amino group and H 1 out of plane by 21°and 45°, respectively. The largest bond changes compared to the ground state geometry are N 1 -C 6 , which increases by about 0.1 Å, and the carbonyl, which increases by about 0.08 Å. The MRCI1 energy for this ci is 4.99 eV, about 0.1 eV lower than vertical excitation to S 1 at this level of theory. At the highest level of dynamical correlation, the MRCI2 energies of the MRCI1 geometry were also very close to each other, with an average energy of 4.99 eV ͓Fig. 2͑b͔͒, which is about 0.15 eV below vertical excitation to S 1 at this level of theory. Since all three levels of MRCI predict the energy of R x ͑ci123͒ to be lower than vertical excitation energy, this three-state ci could participate in the relaxation of S 2 n N * and S 3 n O * populations at vertical excitation onto the S 1 * PES. 18 The funneling of S 2 and S 3 populations from the Franck-Condon ͑FC͒ region onto S 1 is also possible through a ci23 and two different ci12 ci's, which we reported previously. 18 
Two-state seam paths from the three-state conical intersections
The branching space at a three-state ci is five dimensional. Three-state degeneracy is lifted linearly along these five branching coordinates. Degeneracy can be lifted partially within a three-dimensional subspace of the branching space where two states remain degenerate, forming two-state seams. 26, 50, 51 The gradient of the two-state seams can be followed to their respective seam minima by constraining the branching coordinates and optimizing the energy on the seam coordinates, creating a "seam path" of two-state degeneracy. Of note, a seam path is not an intrinsic reaction coordinate path, which generally follows the mass-weighted gradient of an individual PES along a single internal coordinate to its zero-gradient geometry, that is, a stationary point. We present two-state seam paths from the three-state ci described in Sec. III A 1 here, and demonstrate connectivity between all ci points reported through these paths.
a. Two-state seam paths from R x1 ͑ci012͒. Starting from the R x1 ͑ci012͒ MRCI1 geometry, minimum energy paths on both the S 0 -S 1 and S 1 -S 2 seams were followed. Figure 3 shows the S 0 -S 1 seam path from R x1 ͑ci012͒, calculated at the MRCI1 level using references generated from a three-state averaged SA-MCSCF calculation. The seam is plotted as a function of ЄN 1 -C 2 -N 3 , which increases by approximately 12°to the minimum of the seam gradient at 4.12 eV, and the dihedral angle ЄC 4 -C 5 -C 6 -N 1 , which remains essentially constant at about 130°throughout the seam path, save for a change of about 7°where ЄN 1 -C 2 -N 3 changes from 112°t o 114°. This dihedral coordinate is involved with the "twist" around the C 5 -C 6 bond, and becomes part of the seam coordinates in this small section of the seam. The lowest S 0 -S 1 seam point is R x ͑ci01͒ twist , one of the two previously reported gs/ * decay channels for cytosine. 18 Also shown in the same plot is the mass-weighted gradient pathway from FIG. 3 . ͑Color online͒ S 0 -S 1 seam path from cytosine's R x1 ͑ci012͒ to R x ͑ci01͒ twist and gradient pathway from R x ͑ci01͒ twist to R e ͑S 0 ͒. The first three singlet energies ͑MRCI1͒ are plotted with respect to the dihedral angle ЄC 4 -C 5 -C 6 -N 1 and the angle ЄN 1 -C 2 -N 3 . S 0 is shown with black spheres, S 1 * with red spheres, and S 2 n N * with green spheres. The FC region is shown with a blue vertical arrow. The gray points on the graph floor are the projection of data onto the E = −0.5 eV plane. R x ͑ci01͒ twist to the ground state minimum, R e ͑S 0 ͒, one of the pathways shown to be important in the radiationless decay mechanism of cytosine in our previous work. The C 5 -C 6 bond twist is one of the branching coordinates for R x ͑ci01͒ twist , and thus this coordinate ͑ЄC 4 -C 5 -C 6 -N 1 ͒ remains largely constant for the S 0 -S 1 seam from R x1 ͑ci012͒ to R x ͑ci01͒ twist , while it is a main coordinate for branching off of this seam and following the S 0 gradient to R e ͑S 0 ͒, corresponding to an increase in this dihedral angle to 180°at the planar minimum. The second coordinate used in the plot, ЄN 1 -C 2 -N 3 , is clearly a seam coordinate along the S 0 -S 1 seam, since it increases several degrees while the two PESs remain degenerate, and then remains largely constant along the pathway from R x ͑ci01͒ twist to R e ͑S 0 ͒. By combining these two pathways, connectivity between R x1 ͑ci012͒ and R x ͑ci01͒ twist and the FC region is demonstrated. Furthermore, it should be noted that while it is common to report the minimum on the S 0 -S 1 seam as the channel for nonadiabatic ultrafast relaxation of S 1 population to the ground state, in fact, S 1 population reaching anywhere along this seam will also decay rapidly. As such, it seems reasonable that vibrationally hot S 1 population from vertical excitation could then, barring any additional barriers, access the gs/ * seam anywhere between R x ͑ci01͒ twist and R x1 ͑ci012͒. Later in this paper, we will present the results of calculations of the nonadiabatic coupling around several points along this S 0 -S 1 seam from R x1 ͑ci012͒.
The S 1 -S 2 seam from R x1 ͑ci012͒ was also followed at the MRCI1 level, as shown in Fig. 4 . The coordinates chosen to plot this seam path were ЄN 1 -C 2 -N 3 and the C 5 -C 6 bond length, R͑C 5 -C 6 ͒. The gradient of this seam leads very close to a * / n N * ci, which we have previously reported for cytosine, 18 at the MRCI1 energy 4.61 eV ͓labeled R x ͑ci12͒Ј in that report͔, although the ring is slightly folded by about 20°along the N 3 -C 6 axis, whereas the previously reported ci12 was planar. The bonds and angles are all within 1% of those of R x ͑ci12͒Ј. Also shown in the Fig. 4 plot are two other S 1 -S 2 seam pathways that lead to R x ͑ci12͒Ј, one that is close to vertical excitation, which has been reported previously, 18 and the other from R x ͑ci123͒, which will be presented later in this paper. Again, these figures demonstrate the connectivity of the two-and three-state ci's.
b. Two-state seam paths from R x2 ͑ci012͒ Although the MRCI2 energy of R x2 ͑ci012͒ is very high, compared to MRCI1, and thus unlikely to be significantly involved with the photophysical behavior of cytosine, two-state seam paths were calculated from the MRCI1 geometry, since we want to demonstrate the connectivity of the two-state seams through the three-state ones. Neither the S 0 -S 1 nor S 1 -S 2 seam from this three-state ci include the closed-shell ground state PES, but rather both are * / n O * seams. A two-state seam involving the closed-shell surface was not located, perhaps due to the steepness of that surface, or the nature of the algorithm used to optimize on two-state seams, or both. The S 0 -S 1 * / n O * seam from R x2 ͑ci012͒ reaches a local minimum on the seam similar to our previously reported * / n O * ci01 ͓labeled R x ͑ci01͒Ј in that paper 18 ͔. The S 1 -S 2 seam from R x2 ͑ci012͒ leads to previously reported * / n O * ci12 ͓la-beled R x ͑ci12͒ in that paper͔. c. Two-state seam path from R x ͑ci123͒ The S 1 -S 2 seam followed from this three-state intersection is the * / n N * seam, and is shown in Fig. 4 . As was the case of the S 1 -S 2 seam from R x1 ͑ci012͒, this seam also leads to the previously reported 18 * / n N * R x ͑ci12͒Ј at 4.61 eV. The two coordinates chosen to plot this path are R͑C 5 -C 6 ͒ and
It is clear from this three-dimensional ͑3D͒ plot that these two coordinates are part of the * / n N * seam space from close to the FC region to both R x ͑ci123͒ and R x1 ͑ci012͒. Thus, it has been shown that two three-state ci's and the FC region are all connected to a single two-state ci at the minimum of the S 1 -S 2 * / n N * seam space.
Loops
In Sec. III A 2 a, we showed that the gs/ * / n N * three-state ci R x1 ͑ci012͒ was connected by the gs/ * S 0 -S 1 seam to R x ͑ci01͒ twist . In this section, we will present the results of calculating the nonadiabatic coupling terms and energies along loops around several points on this seam. This particular seam was chosen since it appears to be important in terms of the radiationless decay of cytosine, with the seam minimum R x ͑ci01͒ twist being an energetically accessible channel between the S 1 * PES and the S 0 ground state PES. The presence of additional seams within such loops around two-state seam points, which become more likely in regions very close to a three-state ci, has been shown to have an induced geometric phase effect on the nonadiabatic coupling terms between all pairs of states involved in the threestate ci. [28] [29] [30] [50] [51] [52] [53] [54] This phase effect on the nonadiabatic coupling depends on the number of additional seams within the loop, and as such is an extra diagnostic, besides energetic degeneracy, for the presence of these additional seams.
The development of the mathematics for calculating the nonadiabatic coupling between adiabatic states at the MRCI   FIG. 4 . ͑Color online͒ S 1 -S 2 * / n N * seam paths from cytosine's R x1 ͑ci012͒, R x ͑ci123͒, and vertical excitation. The first three to four singlet energies ͑MRCI1͒ are plotted with respect to the R͑C 5 -C 6 ͒ in Å and the angle ЄN 1 -C 2 -N 3 in deg. S 0 is shown with black spheres, S 1 * with red spheres, S 2 n N * with green spheres, and S 3 n O * with blue spheres. The FC region is shown with a blue vertical arrow. The gray points on the graph floor are the projection of data onto the E = −0.5 eV plane.
level has been described in detail elsewhere. 34, [55] [56] [57] The important points are briefly presented here. The nonadiabatic coupling between adiabatic states J and I in terms of the nuclear coordinates R , f JI ͑R͒, is given as
where the integration is over all electronic coordinates. In the MRCI framework, the wave function is given in the basis of CSFs i by ⌿ I = ͚ i C i I i , where C i I are the coefficients of state I, as determined from solving the MRCI eigenvalue problem. f JI ͑R͒ consists of two contributions, 28, 52, 53 RЈ indicates the nuclear coordinates excluding , and r are the electronic coordinates. The sign of Eq. ͑1͒ will reflect the corresponding phase changes of states I and J, dependent on the number of seams involving those states. We present three cases of S I -S J seam inclusion observed in this loop study, with commensurate geometric phase rules summarized in Table III. Four points on the S 0 -S 1 gs/ * seam from R x1 ͑ci012͒ were chosen as centers for evaluating couplings and energies at the MRCI1 level on loops in the branching plane for each point, with radii up to 0.07 bohr from each seam point. These seam points are designated as A, B, C, and D, and they are shown in Fig. 5 along with representations of the branching plane loops, and a general diagram defining , , and the intersection-adapted coordinates. The seam plot was gener- 21 for the three cases of seam inclusion observed along branching plane loops in this study, as described in the text. "ϩ" indicates overall phase retention along the loop, and "Ϫ" overall phase inversion along the loop. ated from the same data points that were discussed in Sec. III A 2 a and shown in Fig. 3 Fig. 5 are not meant to accurately describe the orientation of the branching plane, but rather they are shown to simply illustrate where they are located on the seam, and the number and size of the loops evaluated for each point. Also, it cannot be assumed that the branching coordinates are constant from point to point. Indeed, they change along the S 0 -S 1 seam. The first loop presented is around A, R x ͑ci01͒ twist , with a radius = 0.05 bohr. Figure 6͑a͒ shows Figure 6͑b͒ shows ͉f 10 ͉, ͉f 21 ͉, and ͉f 20 ͉ with respect to . Because S 0 and S 1 are very close at this radius from the ci, and S 2 is greater than 6.5 eV, ͉f 10 ͉ is always far higher in magnitude than ͉f 21 ͉ or ͉f 20 ͉, with maxima of about 24 bohr −1 at = 0°and −180°, corresponding to the two regions of the double cone where S 0 and S 1 are closest. The energies for S 0 , S 1 , and S 2 are shown in Fig. 6͑c͒, with the   FIG. 6 . ͑Color online͒ Branching plane loop around A, = 0.05 bohr. ͑a͒ CI f 10 ͑black squares͒ and An f 10 ͑blue diamonds͒, defined in Eq. ͑6͒, with respect to , as defined in the text. ͑b͒ ͉f 10 ͉ ͑black squares͒, ͉f 21 ͉ ͑green triangles͒, and ͉f 20 ͉ ͑red triangles͒, as defined in Eq. ͑3͒, with respect to . ͑c͒ S 0 , S 1 , and S 2 energies, in eV, referenced to the cytosine MRCI1 ground state energy, with respect to .
switching of diabatic characters of S 0 and S 1 around the loop fairly evident.
Plots for the loop around B, also with a radius of 0.05 bohr, are given in Supporting Information, Fig. SI-1 . 61 They are qualitative similar to the plots for the loop around A. Two loops were evaluated for point C, with radii = 0.01 and 0.05 bohr, with plots for these loops given in Supporting Information, Figs. SI-2 and SI-3, respectively. 61 Both loops are case 1 examples. At = 0.01 bohr, the double cone is quite linear, and the S 0 and S 1 surfaces are strongly coupled and close energetically at this tight radius. On the = 0.05 bohr loop, there is slight curvature of the double cone, and while S 2 does not cross the S 0 -S 1 branching plane within this radius, it approaches S 1 closer than at = 0.01 bohr, causing an increase in ͉f 21 ͉.
Of the four S 0 -S 1 seam points discussed here, point D is the closest to R x1 ͑ci012͒, and this close proximity affects the nonadiabatic couplings and energies dramatically. Four loops were evaluated around point D, with = 0.01, 0.03, 0.05, and 0.07 bohr. Figure 7 presents the S 0 , S 1 , and S 2 energies in eV with respect to for each of the four loops around point D. At = 0.01 bohr ͓Fig. 7͑a͔͒, the spread of the three energies is only about 0.2 eV. Avoided crossings are evident, especially between S 0 and S 1 . At = 0.03 bohr ͓Fig. 7͑b͔͒, the spread of energies is about 0.35 eV, and avoided crossings are much more overt than at 0.01 bohr. The loop plot at radius = 0.05 bohr ͓Fig. 7͑c͔͒ displays either crossings or very close avoided crossings between S 1 and S 2 at = −130°and 30°, indicating that the loop has intersected or is close to intersecting two S 1 -S 2 seam points. At = 0.07 bohr ͓Fig. 7͑d͔͒, the loop is passed these two seam points, but avoided crossings at = −130°and 30°are still quite clear. CI 9͑c͔͒, the plot of total coupling magnitudes between each pair of states displays extremely high maxima for ͉f 21 ͉, with a value of over 1000 at = −130°, and almost 400 at = 30°. These high couplings go along with the energies ͓Fig. 8͑c͔͒, where the loop either intersects state crossings at these two angles or are very close to doing so. These two S 1 -S 2 crossings correspond to sharp changes in ͉f 10 ͉ and ͉f 20 ͉ at these angles, since the characters of S 1 and S 2 change abruptly. This can be seen in Fig. 10 , where ͉f JI ͉ data from Fig. 9͑c͒ are plotted for values less than 25 bohr −1 . The "switching" of coupling magnitudes is clearly seen for ͉f 10 ͉ and ͉f 20 ͉ at the angles where S 1 and S 2 are crossing, or close to crossing. In order to pinpoint these two S 1 -S 2 seam points, additional points on values of and around these crossings were evaluated. A value of ͉f 21 ͉ of 4825 bohr −1 was calculated for = 0.052 bohr and = −131.5°, which is outside of the = 0.05 bohr loop by 0.002 bohr, and a value of 3035 bohr −1 was calculated for = 0.048 bohr and = 25°, which is inside the = 0.05 bohr loop by 0.002 bohr. The loop at = 0.07 bohr ͓Fig. 9͑d͔͒ incorporates the two additional S 1 -S 2 seams completely, and it is about the same distance from them as = 0.03 bohr loop, so ͉f 21 ͉ displays similar magnitudes at the maxima of 40- around point D, a 3D surface plot for S 0 , S 1 , and S 2 was generated using a Renka-Cline gridding routine. 49, 62 This plot is shown in Fig. 11 . The S 0 -S 1 ci is seen at D, along with the two S 1 -S 2 seam points described above. The diabatic character of each region is labeled ͑gs, * , n N * ͒ in various regions to show that one of the S 1 -S 2 seam points is a * / n N * crossing in the S 0 -S 1 branching space of D, and the other is a gs/ n N * crossing. These three seams coalesce into one in the limit of R x1 ͑ci012͒. It is interesting that in 
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B. 5M2P
We have previously done theoretical studies on the excited states of 2-pyrimidinone ring systems, analogs of cytosine. 63 For one of these analogs, 5M2P, we have extensively studied the photophysical behavior and ci's, 32 showing that there are striking similarities between 5M2P and cytosine in terms of electronic character of the important ci's and excited state stationary points, as well as the conformational distortions for these points. We showed that it was the relative energies of these points that explained the differences in photophysical behavior between these two bases. Here, we demonstrate that the three-state ci's located in cytosine are also present in 5M2P, and that overall the PESs for bases of this type of ring system are qualitatively similar.
Three different three-state ci's were located in 5M2P, with structures shown in Fig. 2͑a͒ . Their energies at all levels of MRCI are listed in Table I . Their bond and angle data are listed in Table IV . These three intersections are labeled the same as those in cytosine, R x1 ͑ci012͒, R x2 ͑ci012͒, and R x ͑ci123͒, since they are intersections between the same states and state characters as the three discussed above for cytosine. Indeed, the ring system distorts almost identically for each intersection geometry compared to those in cytosine. Their structures and MRCI2 energies are shown in Fig. 2 , alongside the analogous intersection structures for cytosine.
R x1 ͑ci012͒ is, like cytosine, a gs/ * / n N * ci with a MRCI2 energy of 5.25 eV, which places it about 0.8 eV higher than vertical excitation for 5M2P at the highest level of dynamical correlation. 32 In cytosine, this ci is only about 0.15 eV higher than vertical excitation. R x1 ͑ci012͒ in 5M2P is distorted very similarly to R x1 ͑ci012͒ in cytosine. Additionally, the gradients of both S 0 -S 1 and S 1 -S 2 seams from this ci lead to the same two-state ci's as cytosine, that is, the twist ci01 ͑gs/ * ͒ and the n N * / * ci12. These two ci's in 5M2P were previously reported by us, 32 and were labeled R x ͑ci01͒Ј and R x ͑ci12͒Ј, respectively, in that report. These two seam paths are shown in Supporting Information, Figs. SI-4 and SI-5, respectively.
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5M2P has a second ci012, and, like cytosine, it is a gs/ * / n O * intersection, labeled R x2 ͑ci012͒. At the MRCI1 level, it has almost the same distortions as that of cytosine optimized at the same level of theory, with an energy of 4.74 eV. Like cytosine, optimizing it at the MRCI1 level raises its energy dramatically, to 5.25 eV, mainly by stretching the carbonyl further. In contrast, however, the ring in cytosine distorts out of plane, whereas it does not significantly in 5M2P at this level of correlation. The MRCI2 energy of the MRCI1 geometry, as is the case with cytosine, raises the energy even further to about 6.58 eV. Thus, there is a similar effect of additional dynamical correlation on the energies of these three-state ci's for these two bases. The gradients of the two-state seams originating from 5M2P's R x2 ͑ci012͒ lead to two two-state ci's that were previously reported, 32 one the minimum of the S 0 -S 1 seam, and one the minimum of the S 1 -S 2 seam. The ci's at the minima are very similar to those located on the equivalent paths in cytosine. These two seam paths are shown in Supporting Information, Figs. SI-6 and SI-7, respectively. 61 As was shown with cytosine, 5M2P also has a three-state ci involving S 1 , S 2 , and S 3 , as a * / n N * / n O * ci, labeled R x ͑ci123͒. The MRCI2 energy of the MRCI1 geometry is almost unchanged at 4.36 eV ͑average of S 1 , S 2 , and S 3 ͒, which makes this ci essentially equal to vertical excitation energy for 5M2P at this level of correlation. Thus, like with cytosine, this ci could well be involved in funneling S 2 and S 3 populations at absorption onto the S 1 surface ͑ * ͒. Of note, the S 1 -S 2 seam path from R x ͑ci123͒ in 5M2P ͑Fig. SI-8͒ leads to the previously reported * / n N * R x ͑ci12͒Ј, as it does with cytosine, and thus this two-state ci is, also like cytosine, connected by seam paths from R x ͑ci123͒, R x1 ͑ci012͒, and also vertical excitation, which we presented in our previous report on 5M2P. 32 It is clear that the similarities that we reported in the distortions that 5M2P and cytosine undergo for all stationary points on the S 1 * surface, as well as two-state ci's located between all excited states, also include the three-state ci's located for these two bases. It seems reasonable to infer from this that the distortions observed for all important geometries, as well as the general nature of seam and PES minimum path connections between these geometries are intrinsic to the 2-pyrimidinone ring system. The relative energies, however, are different, since the substituents affect regions of the PESs in different ways. If the absorbed energy is low, then the energetic differences between 5M2P and cytosine govern the photophysics. However, if the absorbed energy is higher, and thus higher vibrational states on the excited electronic state PES are reached, then an otherwise energetically inaccessible seam space can be reached. In this regime, the seam space should play a dominant role in the photophysics, and similarities of the seam spaces of the two molecules may become apparent.
IV. CONCLUSIONS
We have presented in this report the location of three different three-state ci's for cytosine: two S 0 -S 1 -S 2 intersections ͑a gs/ * / n N * and a gs/ * / n O * ͒, and one S 1 -S 2 -S 3 intersection ͑ * / n N * / n O * ͒. The energies of the S 1 -S 2 -S 3 intersection are similar to or lower than the energies of the FC region, while the energies of the two S 0 -S 1 -S 2 intersections are 0.1 and 1.5 eV higher than energies at vertical excitation. These energies suggest that two of the ci's may play a role in nonadiabatic processes after photoexcitation. The third one is too high in energy and does not appear to be accessible.
The three-state ci's are parts of two-state seams that have been found before 18 to be important to the photophysical properties of cytosine. Starting from one ci012, we follow the two-state seams to their minimum points, thus connecting this three-state ci to previously located ci01 and ci12. Even more interesting, we were able to connect two of the threestate ci's to each other through two-state seams.
In addition, a detailed analysis of the nonadiabatic coupling between the S 0 , S 1 , and S 2 states at various points along the gs/ * seam from one S 0 -S 1 -S 2 ci to the "twist" ci01 ͑gs/ * ͒ were evaluated, as were the energies, on loops in the branching plane of this two-state seam. It was shown that in the proximity of the three-state ci the coupling can be dramatically affected.
5M2P, a fluorescent cytosine analog, with similar ring structure to cytosine, has also been theoretically shown to contain three different three-state ci's, with state characters and conformational distortions almost identical to those found in cytosine. What emerges from this study is the conclusion that the 2-pyrimidinone ring system, whether it is the case of cytosine, or some structurally similar analog, creates a particular and relatively predictable intrinsic pattern of ground and excited state PESs, including stationary points and ci's between up to three surfaces, and that this pattern is observed in the state characters of these points, as well as how the ring system distorts to reach them.
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